Mitochondria fulfill some basic roles in all plant cells. They supply the cell with energy in the form of ATP and reducing equivalents [NAD(P)H] and they provide the cell with intermediates for a range of biosynthetic pathways. In addition to this, mitochondria contribute to a number of specialized functions depending on the tissue and cell type, as well as environmental conditions. We will here review the biochemistry and proteomics of mitochondria from non-green cells and organs, which differ from those of photosynthetic organs in a number of respects. We will briefly cover purification of mitochondria and general biochemical properties such as oxidative phosphorylation. We will then mention a few adaptive properties in response to water stress, seed maturation and germination, and the ability to function under hypoxic conditions. The discussion will mainly focus on Arabidopsis cell cultures, etiolated germinating rice seedlings and potato tubers as model plants. It will cover the general proteome as well as the posttranslational modification protein phosphorylation. To date 64 phosphorylated mitochondrial proteins with a total of 103 phosphorylation sites have been identified.
INTRODUCTION
All living plant cells contain mitochondria, the organelle where organic molecules are oxidized to produce energy, in the form of ATP and reducing equivalents, as well as metabolic intermediates for use in biosynthetic processes. However, mitochondria have a number of other important functions depending on the cell and tissue type, as well as environmental conditions. In theory, each of these factors affects the properties of the mitochondria and the composition of its proteome. While this has been demonstrated at the biophysical level (Douce and Neuburger, 1989) and for some enzymes and complexes, we are entering an era where comprehensive protein profiling is possible to quantitatively assess mitochondrial remodeling in response to genetic and environmental cues. In anticipation and preparation for this époque we review critical aspects of the field including: (1) methods for isolation of ultra-pure mitochondria (for proteome interrogation); (2) properties of mitochondria (to characterize function); and (3) the current status of mitochondrial proteome investigations. Due to space constraints, we focus this review on mitochondria from non-photosynthetic tissues, which can be considered the "reference state" for comparative studies. These mitochondria perform the same basic functions and would therefore be expected to contain many of the same proteins as mitochondria from photosynthetic tissues.
PURIFICATION OF MITOCHONDRIA FROM NON-GREEN TISSUES
As is the case for all studies of organellar proteomics, a mitochondrial isolation procedure must remove all contaminants and give a clean preparation containing only mitochondria. Biochemical studies of mitochondrial metabolism often require several mg protein. Therefore, access to large amounts of starting material has been an important factor when selecting the species and tissue to study.
During the 1950-1970's, non-photosynthetic tissues such as etiolated seedlings or storage tissues were usually employed for the isolation of mitochondria by differential centrifugation probably because a major, visible contaminant-thylakoid membranes-was absent. Actually, crude mitochondria from storage tissues are generally contaminated by amyloplast membranes (Neuburger et al., 1982) , but they do not interfere with measurements of oxygen consumption, a standard method in the study of mitochondrial metabolism. When rate-zonal, density gradient purification of plant mitochondria was introduced, it was initially applied to potato tubers.
Step sucrose gradients were first introduced (Douce et al., 1972) and later Percoll gradients (Neuburger et al., 1982; Struglics et al., 1993; Considine et al., 2003) , which had the great advantage over sucrose gradients that the mitochondria were not exposed to large changes in osmolarity. Not only does Percoll gradient centrifugation remove major contaminants like plastids and peroxisomes, it also removes mitochondria with damaged outer and/or inner membranes (Neuburger et al., 1982; Struglics et al., 1993) .
Using Percoll gradient centrifugation, purified mitochondria have now been isolated from a range of non-green tissues from a number of species (Moreau and Romani, 1982; Liden and Møller, 1988; Fredlund et al., 1991; Lind et al., 1991; Millar et al., 2001; Bardel et al., 2002; Robson and Vanlerberghe, 2002; Qin et al., 2009; Lee et al., 2011) . This has usually given a very significant improvement in mitochondrial purity and intactness and a concomitant increase in rates of respiration, which indicates that the crude mitochondria previously used had sometimes contained less than 50% undamaged mitochondria, on a protein basis (e.g., Moreau and Romani, 1982) . In the case of purified potato tuber mitochondria, contamination by plastid envelope and peroxisomes could be calculated to be <0.5% on a protein basis (Neuburger et al., 1982; Struglics et al., 1993) . Percoll-purified mitochondria from Arabidopsis cell cultures, roots and shoots can be further purified by free-flow electrophoresis (Eubel et al., 2007; Lee et al., 2011) . For cell culture mitochondria, this method decreases the contamination by peroxisomal and plastidic proteins by an estimated 5-to 10-fold (Eubel et al., 2007) .
BIOCHEMICAL PROPERTIES OF MITOCHONDRIA FROM NON-GREEN TISSUES BASIC PROPERTIES
Mitochondria are semi-autonomous, membrane-bound organelles. Consistent with their endosymbiotic origin, plant mitochondria contain small circular genomes. Varying with species, 30-40 proteins are encoded in the mitochondrial DNA, transcribed and translated in the matrix on bacterial-like ribosomes (Kubo and Newton, 2008) . The remaining proteins making up the mitochondrial proteome are imported from the cytosol mainly through two large protein complexes, TIM and TOM (Translocator Inner/Outer Membrane) (Lister et al., 2005) .
Isolated mitochondria from non-green cells and tissues oxidize a variety of substrates, including most of the tricarboxylic acid (TCA) cycle intermediates, with good coupling indicating that the TCA cycle is fully functional and that the four electron transport chain (ETC) complexes are present together with ATP synthase (Douce and Neuburger, 1989) . In addition, the ETC of mitochondria from non-green tissues contain up to four alternative NAD(P)H dehydrogenases (DH) (Rasmusson et al., 2004) , the alternative oxidase (Vanlerberghe and McIntosh, 1997) , and has the uncoupling protein associated with it (Vercesi et al., 1995; Zhu et al., 2011) . A range of DHs in the matrix feed electrons into the ETC at ubiquinone (UQ)-proline DH, lactate DH, and DHs involved in branched amino acid degradation via electron-transfer flavoprotein and electron-transfer flavoprotein: quinone oxidoreductase. On the outer surface of the inner membrane glycerol-3-phosphate DH also feeds electrons into the UQ pool, while L-galactono-1,4-lactone DH, the last enzyme in ascorbate biosynthesis, feed electrons into cytochrome c. The presence and amount of these enzymes in the mitochondria depends on species, tissue and environmental conditions (reviewed by Rasmusson et al., 2008; Rasmusson and Møller, 2011) . To interact with other subcellular compartments within the cell, the inner mitochondrial membrane contains a number of transport proteins for the exchange of metabolites, coenzymes, etc. (Laloi, 1999; Palmieri et al., 2009) .
Isolated mitochondria from green tissues do not differ much in the basic properties of the ETC and the TCA cycle. However, "green" mitochondria differ in the balance between the different substrates used. This is especially true for glycine, the product of photorespiration, which is oxidized at high rates by "green" mitochondria, but also their amino acid metabolism differs (e.g., Lee et al., 2008) .
RESPONSES TO HYPOXIA, DROUGHT, AND DESICCATION
Plants can be exposed to hypoxic conditions as a result of flooding (Greenway et al., 2006) . However, even under normoxic external conditions, the central parts of dense, metabolically active and/or bulky non-photosynthetic tissues can experience hypoxic conditions because the diffusion of oxygen into the tissue cannot keep up with the rate of removal by respiration (Geigenberger, 2003) . This leads to metabolic changes such as the induction of ROSdegrading enzymes, presumably to prevent post-anoxic injury (Geigenberger, 2003) , and higher activity of the enigmatic formate dehydrogenase (FDH) (Bykova et al., 2003b) , one of the most abundant proteins in potato tuber mitochondria (Colas Des Francs-Small et al., 1993) . The function of FDH may be to remove formate, but the source of formate is unknown and the reason the enzyme is so abundant is obscure (Igamberdiev, 1999; Ambard-Bretteville et al., 2003) .
Drought presents the plant with quite a different problem and production of compatible solutes, such as proline, is one strategy to ameliorate the effects of a low water potential. As mitochondria are involved in proline turnover it is likely that homeostatic balance of this osmolyte requires the coordinated action of multiple organelles (Atkin and Macherel, 2009) .
Mitochondria in maturing and germinating seeds experience quite unique conditions. The water content during the latematuration phase is very low and a late-embryogenesis-abundant (LEA) protein is induced to protect mitochondrial membranes (Macherel et al., 2007; Tolleter et al., 2007) . At the same time, the mitochondria presumably have to cope with hypoxic conditions caused by their own activity (Borisjuk and Rolletschek, 2009 ).
PROTEOMICS OF MITOCHONDRIA FROM NON-GREEN TISSUES
The most comprehensive proteomic studies in nonphotosynthetic tissues have been performed on mitochondria from Arabidopsis suspension cells, a de-differentiated cell type that, when grown in darkness with sugar, is non-photosynthetic. For this reason and space considerations, this discussion of proteomics and post-translational modifications will focus mainly on Arabidopsis suspension cells and etiolated rice seedlings.
Bioinformatic analysis of the Arabidopsis genome, using primarily prediction algorithms, has estimated that mitochondria may contain as many as 2000-3000 different proteins (Millar et al., 2005 (Millar et al., , 2006 Cui et al., 2011) . It is surprising then that nearly 20 years into the proteomics era no more than 500-600 different mitochondrial isolation proteins have been experimentally confirmed from any plant mitochondrial source! This is not due to limitations in technology, as it is now routine to not only identify, but quantify, at least 1900 proteins from a single biological sample using standard tandem mass spectrometry (e.g., Balbuena et al., 2012) . We therefore expect the gap between the number of experimental and predicted mitochondrial proteins to shrink in the coming years.
The most comprehensive proteomic characterization of purified mitochondria from non-photosynthetic cells has been from Arabidopsis suspension cells . A total of 390 unique proteins were qualitatively identified by shotgun, reversed-phase (RP) LC-MS/MS analysis of 15-20 μg of tryptic peptides. Diverse groups of proteins were identified including proteins involved in energy and metabolism, DNA replication, transcription, translation, protein complex assembly, and signaling, as well as approximately 70 proteins of unknown function. Interestingly, various glycolytic enzymes were detected in mitochondrial preparations from Arabidopsis suspension cells . Subsequent studies verified that these enzymes are indeed associated with mitochondria through scaffold proteins, such as the voltage-dependent anion channel (VDAC) located in the outer membrane (Graham et al., 2007) . Additionally, in vivo association of cytosolic glycolytic enzymes with mitochondria is a dynamic process allowing for respiration to be supported in a dedicated manner consistent with substrate channeling (Graham et al., 2007) . Although many of the individual subunits of the five respiratory complexes were identified by Heazlewood et al. (2004) , follow-up proteomic analysis of these complexes was necessary to reveal the full protein complements (Meyer et al., 2008; . In a study focusing on mitochondrial protein complexes, identified 471 non-redundant proteins belonging to at least 35 different protein complexes. Subsequent proteomic analysis of purified outer membranes also expanded the compendium of proteins mapped to these mitochondrial subcompartment especially integral membrane proteins (Duncan et al., 2011; Tan et al., 2012) .
Besides Arabidopsis roots and suspension cells, mitochondria from etiolated rice shoots have also been characterized at the proteome level (Bardel et al., 2002; Huang et al., 2009 ). Using both 2D gel electrophoresis and RP-LC-MS/MS analyses a total of 322 non-redundant proteins were identified in a non-quantitative manner. Comparison with Arabidopsis cell culture mitochondria ) revealed a similar cohort of proteins, although 20% of the rice mitochondrial proteins did not produce orthologous matches to the Arabidopsis mitochondrial proteome (Huang et al., 2009) . And like the Arabidopsis experimental proteome, approximately 60% of rice mitochondrial proteins were predicted to be targeted to this organelle using various organelle prediction algorithms. Despite the wealth of shotgun and targeted mitochondrial proteomic studies it is obvious that a comprehensive compendium of experimentally-verified plant mitochondrial proteins is currently unavailable. This is apparent when one not only considers the gap between predicted and experimentally identified proteins, but also from perusing the current catalogue of approximately 500 mapped proteins. Missing from this list are many essential plant mitochondrial activities including regulatory proteins, transcription factors, metabolite translocators, and the wealth of tRNA synthases and pentratricopeptide repeat proteins. For example, the two regulatory enzymes of the pyruvate dehydrogenase complex (PDC)-the PDC kinase and phospho-PDC phosphatase, which are activities in mitochondria from both green and non-green tissues (Thelen et al., 1998a,b) -are also undetected in global plant mitochondrial proteomic studies.
While the early stages of non-photosynthetic mitochondrial proteome characterization dealt with protein cataloguing, more recent research has shifted toward comparative analyses to discover dynamic changes in mitochondrial protein expression. Proteomic comparisons of mitochondria from non-photosynthetic Arabidopsis suspension cells and developing photosynthetic shoots (Lee et al., 2008) as well as developing Arabidopsis roots and photosynthetic shoots (Lee et al., 2011) collectively revealed differences in TCA cycle and photorespiratory enzymes. In both instances, most of the component enzymes of the glycine decarboxylase complex, except for the lipoamide dehydrogenase (E3) subunit, which is shared with the PDC, were highly upregulated in green shoot mitochondria compared to the two non-photosynthetic counterparts. Additionally, FDH was highly induced in mitochondria from green shoots compared to roots and suspension cells. In contrast, three subunits of the PDC complex including E3 were more prominently expressed in root and suspension cell mitochondria. These and other changes to TCA and amino acid metabolism between mitochondria from green and non-green sources confirmed previous observations (e.g., upregulation of GDC in photorespiring tissues) but also suggested previously unknown differences in both carbon import/export and oxidative metabolism for this organelle as a direct result of photosynthetic capacity.
Additional comparative proteomic studies have been performed with mitochondria from etiolated rice shoots, analyzing the effect of a hypoxic/anoxic environment Howell et al., 2007) . In the absence of oxygen, mitochondrial respiration was impaired due to lower activity and expression of respiratory complexes cytochrome bc 1 and cytochrome c oxidase . Additionally, the E1β subunit of the PDC and a putative succinyl-CoA ligase (GDP-forming) β-chain as well as mitochondrial processing peptidase α-and β-chain subunits (a component of the cytochrome bc 1 complex) were reduced in expression (Howell et al., 2007) . In contrast, a TIM subunit was highly induced under anaerobic conditions. It was concluded that under anoxic conditions a direct link between respiratory capacity and protein import could be established at the cytochrome bc 1 complex of the ETC. While total proteome coverage was not attained in either of these studies, the results illustrate the potential for comparative proteomics to elucidate the dynamic properties of mitochondria.
PROTEIN PHOSPHORYLATION IN PLANT MITOCHONDRIA
Several hundred posttranslational modifications (PTMs)-the covalent addition of a chemical group to amino acids in proteinsare known. They often lead to alterations in properties and function of the proteins and are therefore involved in the regulation of large variety of important biological processes (Wold, 1981; Mann and Jensen, 2003) . The most well-studied PTM is phosphorylation, which is catalyzed by protein kinases (PKAs) while the dephosphorylation is catalyzed by protein phosphatases. This modification primarily targets the hydroxyl groups of Ser, Thr, and Tyr residues and has long been known to be a key player in signaling. Both protein phosphorylation and other PTMs such as acetylation are important in mammalian mitochondria (Guan and Xiong, 2011; Koc and Koc, 2012) , but in plant mitochondria only protein phosphorylation has been studied in any detail. 1, (Sommarin et al., 1990) ; 2, (Struglics et al., 1998); 3, (Bykova et al., 2003a) ; 4, (Bykova et al., 2003b) ; 5, (Ito et al., 2009); 6, (Vidal et al., 1993); 7, (Lund et al., 2001 ); 8, (Takahashi et al., 2003) ; 9, (Sugiyama et al., 2008) ; 10, (Li et al., 2009); 11, (de la Fuente van Bentem et al., 2008); 12, (Nakagami et al., 2010) ; 13, (Meyer et al., 2012); 14, (Budde and Randall, 1990) .
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Traditionally, the methods for detecting phosphoproteins are based on incorporation of radioactive phosphate ( 32 P). This is either done by in vitro phosphorylation reactions using protein extracts or isolated organelles or by a more physiologically relevant in vivo approach using cells. The phosphorylated proteins are then typically separated by gel electrophoresis and detected by phosphoimaging or autoradiography (Thelen et al., 2000; Bykova et al., 2003a; Berwick and Tavare, 2004) . A fluorescent phosphosensor dye called Pro-Q Diamond has also been developed (Schulenberg et al., 2003; Ito et al., 2009 ). The phosphoproteins can be cut out of the gel and identified by LC-MS/MS (Pappin et al., 1993; Heazlewood et al., 2004; Ito et al., 2009 ). However, more recently shotgun methods of identifying phosphopeptides and phosphoproteins first uses a phosphopeptide enrichment method such as immobilized metal affinity chromatography (IMAC) (Posewitz and Tempst, 1999; Stensballe et al., 2001) or titanium oxide chromatography (MOC) followed by LC-MS/MS. In this way thousands of phosphorylation sites can be identified without the use of gel electrophoresis (e.g., Engholm-Keller et al., 2012; Meyer et al., 2012) .
To date, 64 plant mitochondrial proteins have been reported to be phosphorylated on 103 phosphosites ( Table 1) . The distribution of these on Ser, Thr, and Tyr residues is 81, 14, and 5%, respectively, or close to the distribution in all the known 22,995 eukaryotic phosphoproteins with 100,281 phosphosites (Rao and Møller, 2012) in spite of the fact that plants do not contain canonical Tyr kinases (Yao et al., 2012) .
The largest group of phosphorylated proteins is energy and transport (Table 1) , a trend also observed in yeast (Reinders et al., 2007) . Phosphorylation sites have been identified on most of the TCA cycle enzymes, and on complexes III-V, whereas no phosphoproteins have been found in Complexes I and II. It seems likely that oxidative phosphorylation is regulated by reversible protein phosphorylation. Other major processes that may be regulated by phosphorylation are transcription, translation, protein folding, and metabolite transport across the inner mitochondrial membrane. In mammalian mitochondria, translation is regulated by protein phosphorylation (Koc and Koc, 2012) .
PDC, which produces the acetyl-CoA entering the TCA cycle, is the only enzyme in plant mitochondria where the detailed regulation by reversible phosphorylation/dephosphorylation has been elucidated (Rubin and Randall, 1977; Budde and Randall, 1990) . When PDC products accumulate, they activate the PDC kinase, which phosphorylates and inactivates the PDH component of PDC (Tovar-Mendez et al., 2003) . In contrast, PDC substrates inhibit the PDC kinase and stimulate the phospho-PDC phosphatase to dephosphorylate PDH and give a higher activity (Randall et al., 1981; Schuller and Randall, 1990; Moore et al., 1993) . FDH phosphorylation appears to be regulated in a similar way by some of the same metabolites, but the effect on FDH activity is still unknown (Bykova et al., 2003b) .
In yeast, phosphorylation of TOM22, Mim1, and TOM79 by casein kinase 2 (CK2) and PKA have been shown to regulate the function of TOM. CK2 promotes biogenesis of specific TOM complexes and CK2 inhibits specific TOM receptor activities and thereby the import of mitochondrial metabolite carriers. Together these phosphorylations regulate protein homeostasis (Schmidt et al., 2011) . Another study has shown that phosphorylation of subunit g of the yeast ATP synthase subunit F o inhibits dimerization of the ATP synthase and is thus involved in the regulation of the bioenergetic state of mitochondria (Reinders et al., 2007) . Phosphorylated TOM and ATP synthase F o subunits have also been found in plant mitochondria from non-photosynthetic cells (Table 1 ) and the function of these phosphorylations might be similar to that in yeast. Finally, the interaction of chaperone HSP90 with co-chaperones is regulated by phosphorylation in mammalian mitochondria (Mollapour et al., 2011; Johnson, 2012) . HSP90 is one of the identified phosphoproteins in plant mitochondria (Table 1) , but the site of phosphorylation so far identified is different from that of mammalian HSP90 (Mollapour et al., 2011) , so the regulatory mechanism may not be the same.
Considering that plant mitochondria contain so many phosphoproteins, we might expect to find a substantial number of PKAs in plant mitochondria as well as a somewhat smaller number of protein phosphatases (Juszczuk et al., 2007) . However, even in the most extensive proteomic studies published to date only ten protein kinases have been identified and no protein phosphatases Duncan et al., 2011; Taylor et al., 2011) . This may indicate that each enzyme is present in very few copies so that they are below the technical detection limit. Alternatively there are actually relatively few kinases and phosphatases each with a relatively broad specificity. Future in depth proteomic studies will no doubt give us more information about such regulatory pathways.
ACKNOWLEDGMENTS
This study was supported by grants from the Danish Council for Independent Research-Natural Sciences (to Ian M. Møller) and a 2012 Sabbatical fellowship (to Jay J. Thelen) from the OECD Cooperative Research Programme: Biological Resource Management for Sustainable Agricultural Systems.
